Abstract. Established forest BMPs rely heavily on the forest floor to disconnect
Introduction
The nation's water resource is one of the most critical and valuable natural resources (Sun et al., 2004) . High quality water is valuable for recreation opportunities, critical for aquatic life, and essential for human consumption. Soil erosion and subsequent nonpoint source pollution have been identified as a threat to water resources in the US (Binkley and Brown, 1993; Lane and Sheridan, 2002) . Storm runoff from upslope sources can transport sediment (and attached nutrient constituents) directly to receiving streams and water bodies. These suspended sediments and nutrients can result in degraded water quality which can impact community water sources, aquatic organism habitats and ecosystems.
Agricultural, construction, and forestry best management practices are commonly utilized to minimize impacts of human activity. Perhaps the most broadly applied BMP in both agriculture and forestry is filter strips (Pinho et al., 2008) . Filter strips consist of vegetated filter strips (VFSs) and conservation buffers in agriculture; and riparian zones, buffer zones, and streamside management zones (SMZs) in forestry. The value and effectiveness of these zones in minimizing the impacts of upslope activities to adjacent streams and water resources have been documented in previous literature (Kloppel et al., 1997; Knoepp and Clinton, 2009; Mickelson et al., 2003; Patty et al., 1997; Swift, 1984) .
Forest buffers and filter strips exhibit optimal characteristics for water quality protection (Yates and Sheridan, 1983) . These characteristics include vegetative cover to reduce the energy of raindrop impact, increased surface roughness to slow storm runoff, and increased infiltration capacities to reduce the quantity of surface runoff to transport soil and attached nutrients . However, the bulk of the understanding of the effectiveness of buffers has been gained through short-term investigations at primarily the small plot or field-scale. The long-term effectiveness and benefits of forest buffer zones in minimizing soil erosion and nonpoint source pollution problems is still unknown. Better information on the efficacy of forest buffer zones in trapping sediment and nutrients suspended in storm runoff would contribute to sustainable water quality protection in forest road management.
Site specific data (soil types, gradient, and dimensions) correlating to the effectiveness of buffer zones is useful in the field to the next generation of forest engineers. With this information road managers can more effectively use existing BMPs. This information can assist in proper placement of road drainage structures during maintenance and reconstruction activities, and supports the proper balance between road and forest management.
This study was designed to investigate the impact of the forest buffer on sediment transport below forest roads in the Coastal Plain region of Alabama. The study is a component of a cooperative study initiated by the USDA Forest Service in 2002 to develop a better understanding of the influence of forest road management on storm runoff from road drainage structures and the factors contributing to sediment transport distance across the forest floor. The primary objectives of this study were to: (1) assess sediment travel distance downslope of forest roads in the Coastal Plain of Alabama; (2) relate sediment travel distance to BMP recommendations; and (3) describe the deposition patterns within buffer zones. The factors contributing to sediment transport distances from National Forests in Alabama and Georgia (Grace, 2005b) and the influence of forest buffers in the steep topography of Southern Appalachian watersheds (Grace and Zarnoch, In Press) are presented in previous works.
Methods

Study Area Description
The study was conducted on two National Forests nestled in the Coastal Plain region of Alabama. The two National Forests utilized in this investigation were the Conecuh National Forest and the Tuskegee National Forest. , 1997) . The Dry and Dry-Mesic Oak Pine Forest type has the same stand components as River Floodplain; however, the understory is replaced with berries, vines, grasses, and ferns (USDA, 1997).
The National Forest System roads are managed for public safety, recreation, timber, resource protection and administrative access. Roads designed for current or future timber sale access are near or past their life expectancy. That equates to the need for reconstruction to stabilize sub-base and base course in addition to replacement of the surface course. In their current state roads are experiencing more erosion than when initially constructed and maintained. Out of the approximately 3990 km of road on the National Forests in Alabama, approximately 466 km and 68 km are on the Conecuh and Tuskegee, respectively. The US Forest Service has primary maintenance responsibility for the roads on both forests.
Study Measurements
A representative sample of roads with similar topography, construction standards, drainage characteristics, maintenance level, and traffic intensities (average daily traffic) were defined during the initial phase of this investigation through reconnaissance and consultation with National Forest personnel. The road design was constrained to crowned roads with native and graveled surfacing drained by road lead-off ditches. Maintenance on sample roads consisted of bi-annual grading in combination with periodic ditch maintenance. This maintenance was consistent with the Forest Service's Road Maintenance Management System (RMMS) Level 3 objective of maintaining the road for travel by a prudent driver in a passenger car; however, driver comfort and convenience are not priorities for this level of road. Traffic intensities on the sample roads ranged from low to moderate with periodic high intensity traffic during management activities or recreational hunting. Potential study roads were well established and ranged in age from 5 to greater than 20 years.
The representative sample of roads for this study consisted of 11 roads for the two National Forests with 7 roads on the Conecuh and 4 roads on the Tuskegee. Following the selection of a representative sample of roads, each potential road section and associated lead-off structure (constituting a potential study site) was individually numbered by site within each study area. Study sites consisted of road sections between drainage structures, the lead-off ditch drainage structure draining the road sections, and the storm runoff flow path. The distance of sediment deposition onto the forest floor was defined in this study as the most remote location of visible sediment deposition along the stormwater flow path from the roadway edge. The buffer zone width from the road edge was taken as the width of the buffer zone measured along the stormwater flow path to allow direct comparison with the observed deposition lengths.
The study design was a completely randomized design within each study area (Tuskegee and Conecuh). In this design, roads were randomly selected from the representative sample of roads and each selected road was sub-sampled by site. The number of sites required for statistical validity was determined by a Neyman approximation as defined by Grace (2005b) . A total of 57 sites, 39 for the Conecuh and 18 for the Tuskegee, were selected and measured in the Coastal Plain region of Alabama for the purpose of this study. Data were analyzed by testing for differences between study areas as a fixed factor in the experiment with roads nested within the study areas and sites nested within the roads both as random factors. The mixed model was analyzed using SAS Proc MIXED (SAS, 2004) . Analysis of observed drainage spacing required performing SAS TTEST procedures to test for differences in relation to BMP recommended drainage spacing.
Results and Discussion
Forest road lead-off spacings are recommended as a function of road gradient based on previous research which relates spacing to the distance that sediment travels into buffer zones. The spacing, to a large part, is a function of the potential energy of storm runoff to detach and transport sediment from the road surface, i.e. erosion. Increased grades increase the storm runoff velocity for a given slope length and increase the energy of runoff to detach and transport sediment. Similarly, increased spacing directly influences the drainage area and storm runoff volume. The increased storm runoff volume in turn increases the energy of storm runoff in terms of velocity.
Deposition length means and descriptive statistics for the 11 experimental roads in this study are given in Table 1 . The mean observed sediment deposition lengths of 32.3 and 26.6 m for the Conecuh and Tuskegee study areas, respectively, were not detected as significantly different (P=0.175) by the SAS MIXED analysis of variance (SAS, 2004) . Analysis of sediment deposition lengths also detected no significant differences for the Conecuh and Tuskegee study areas for mean road length (P=0.353), road width (0.472), and road gradient (P=0.427) were not significantly different for the Conecuh and Tuskegee study areas based on SAS MIXED procedures (SAS, 2004) . The mean BMP recommended lead-off spacings (LOR) were not significantly different for the Conecuh and Tuskegee study areas at 61.7 and 58.7 m, respectively (P=0.578). The statistical similarity of the study areas in relation to the abovementioned road characteristics and deposition lengths resulted in combining the dataset for these Coastal Plain areas for further analysis.
Noting the nearly identical mean road and downslope gradient describes the topography for these roads and the forest in general. The roads on these forests are not typically fill sections but lay on the same grade as the buffer zone. Sediment transport velocities should not be excessive as it impacts the effectiveness of the buffer zones. It could also indicate that sediment deposition lengths might actually be longer but due to the nearly flat topography sediment may have initially traveled farther but due to ponding retreated to the distances measured during the study in some instances. We compared observed road lengths in the study to the LOR values for the study areas to determine if the observed spacing, synonymous with road length, were consistent with BMP recommendations. The comparison of observed versus recommended spacing is critical in interpreting the results of the relationship between observed deposition lengths and BMP recommended minimum buffer zone widths discussed later in this paper. Understanding the suitability of observed spacing in relation to BMP recommendations for spacing allows conclusions to be drawn related to the suitability of BMP recommendations for minimum buffer zone widths in the study areas.
SAS TTEST procedures detected no significant differences in the observed spacing and the recommended spacing for these study areas (P=0.881). This indicates that the observed spacing was suitable to address BMP desired qualities (or quantities) related to road lead-off spacing in the study areas. It should be noted that observed spacing, and to a lesser extent LOR, was highly variable due to road length is a function of road gradient. This variability is evident by the relatively large standard deviations for the road length parameter for Conecuh (20.6 m) and Tuskegee (30.9 m). High variability in the road length parameter likely influenced the power to detect differences in the observed spacing and LOR in this study. Results of this study indicate that lead off spacing in the two study areas was consistent with Alabama's BMPs for lead-off spacing (Figure 1 ). Observed lead-off spacing was less than or equal to BMP recommended spacing for 70 percent of the sites in this study. The consistency in observed lead-off spacing and recommended practices indicates that care was taken to minimize the environmental impacts of these road systems. It should be noted that the road design standards likely required 100 percent adherence to BMP recommendations and the goal of the implementation for lead-off spacing was complete adherence to BMPs. However, maintenance over the life of the roads in this study may have resulted in alterations to the original lead-off spacing. The lead-off spacing that exceeded the BMP recommendations (30 percent of the lead-off spacing) is likely the result of failure to maintain the existing road structure/template due to differences in maintenance operators and frequency of maintenance operations. For example, the lead-off spacing for many of the lead-offs exceeding the recommended BMP spacing were nearly twice as wide as recommended. This could indicate that lead-off structures were neglected during the maintenance of road drainage (Figure 1 ). If this was the case, then the distance that sediment was transported onto the forest floor for these sites would be extended due to the increased storm runoff energy and the additional sediment available for transport due to wider spacing. The relationship between observed lead-off spacing and BMP recommended spacing can also be shown by plotting the relationship (Figure 2 ). Perfect agreement between observed lead-off spacing and BMP recommended spacing would result in points along the 1:1 relationship line. Points that fall to the right of the 1:1 line represent observed spacing wider than recommended by Alabama's BMPs. In contrast, points falling to the left of the line represent a more conservative spacing than recommended. In large part, spacing in this study was more conservative than recommended which is expected to act as a factor of safety in relation to distance sediment is transported into the buffer zones. These conservative lead-off spacings would be expected to result in sediment transport distances that were less than the Alabama BMP recommended buffer zones. These minimum buffer zone widths or streamside management zone widths are 11 m for perennial and intermittent streams and 15 m for management with a wildlife objective. However, this expectation is not supported by the data from this study. Observed sediment deposition lengths equaled or exceeded the most stringent minimum buffer zone width (with wildlife objective) for 92 percent of the Coastal Plain sites evaluated in this study (Figure 3) . A small percentage, 8 percent, of the observed sediment deposition lengths were contained within the designated minimum buffer zone widths in this study. In fact, nearly 50 percent of the observed sediment deposition lengths were greater than twice the minimum recommended buffer width in this study. This data indicates that the minimum buffer width would result in failure rates (failure to contain road sediments) greater than 90 percent on these Coastal Plain sites. In a companion study in the Appalachian regions of Alabama and Georgia, Grace and Zarnoch (In Press) reported that less than 8 percent of a total of 164 road sections resulted in sediment deposition lengths that terminated in streams. However, Grace and Zarnoch (In Press) also reported similar percentages of deposition lengths exceeding Alabama's minimum buffer width recommendations. In contrast, the investigators reported that nearly 90 percent of sediment deposition lengths observed fell within Georgia's most stringent minimum buffer width for trout streams (30 m) based on the investigation in the Appalachian region.
The lead-off spacing for the road sections in the study was consistent with the BMP recommended drainage structure spacing with 70 percent of the spacing equal or less than recommendations. However, sediment was transported distances greater than the Alabama BMP recommended minimum buffer width with a wildlife objective for more than 90 percent of the road sections in this study.
Summary and conclusions
This study examined the influence of buffer zones in trapping sediment emanating from forest road lead-off structures on two National Forests in the Coastal Plain region of Alabama. The objectives in this study were to assess sediment travel distances downslope of forest roads in the Coastal Plain of Alabama, relate sediment travel distances to BMP recommendations, and describe the deposition patterns within buffer zones. We examined sediment deposition downslope of 57 road sections from 11 roads on two National Forests in the Coastal Plain region of Alabama. Drainage structure (Lead-off ditch) spacing existing on the forest roads in this study was compared to existing BMP recommendations for drainage spacing to gain a better understanding of the efficacy of BMP recommended minimum buffer widths for Alabama in mitigating the downslope movement of sediment. There was no significant difference in sediment transport distances for the Conecuh and Tuskegee study areas. Additional research is required to understand the long-term effectiveness of buffer zones particularly those related to forest roads and provide scientific support for current buffer zone width recommendations. This research will be useful in the fine tuning of the National Forests of Alabama road maintenance program and revising BMPs to improve the effectiveness and efficiency of existing methods. Future research should focus on defining the acceptable level of sediment introduction into buffer zones and risks associated with sediment leaving buffer zones. A better understanding is required related to the efficacy of the forest floor in minimizing sediment transport distances and sediment delivery to vulnerable stream systems.
